molecules accumulating in the knockout mutant strain and characterized them as di-acylated sulfolipids. Finally, we identifi ed di-acylated sulfolipids, renamed SGLs (e.g., Ac 2 SGL [in Ac X SGL, X refers to the total number of acyl groups, whatever the nature of the fatty acids, which could be either palmitic, stearic, hydroxyphthioceranoic, phthioceranoic, or oxophthioceranoic acids]), as new lipidic antigens presented by CD1b to T cells ( 14 ) . The structure of Ac 2 SGL was for the fi rst time fully established by a combination of MS and NMR analyses ( 14 ) .
In the present study, we reevaluated the structure of SGLs from the reference strain M. tuberculosis H37Rv, as well as those produced by the mmpL8 knockout strains that have been described to intracellularly accumulate uncharacterized sulfatide observed by Goren et al. ( 8 ) in the M. tuberculosis H37Rv strain. However, this compound was subsequently found to lack a sulfate ester group ( 9, 10 ) , requiring its classifi cation as a sulfatide to be revised ( 11 ) . Nevertheless, the presence of di-acylated sulfolipids in the cell envelope of M. tuberculosis was defi nitively proven by three recent studies. Using Fourier transform ion cyclotron resonance MS to identify sulfated metabolites by virtue of their metabolic labeling with a stable sulfur isotope, Mougous et al. ( 12 ) showed evidence of several new sulfated molecules in M. tuberculosis , among them di-acylated sulfolipids. Studying the role of the MmpL8-mediated lipid transport in sulfolipid biogenesis, Domenech et al. ( 13 ) characterized polar sulfated (1) is always acylated by a palmitic or a stearic acid, while positions (2), (3) , and (4) are acylated mainly by HPA but also by PA. Ac 2 SGL are acylated in positions (1) and (2) , and Ac 3 SGL are acylated in positions (1), (2) , and (3). B: Structure of SL-I to SL-IV. C: Purifi cation schemes are shown for the different acyl forms of SGL. D: TLC analysis of the different fractions issued from the silicic column eluted by CHCl 3 (1, 2) , CHCl 3 /CH 3 OH 9/1 (3, 4) , CHCl 3 /CH 3 OH 8/2 (5, 6), CHCl 3 /CH 3 OH 7/3 (7, 8) , and CH 3 OH (9) . AS, acetone-soluble fraction. F4 to F7 contained SGL. E: TLC analysis of the different acyl forms of SGL after purifi cation. All the TLC were developed with CHCl 3 /CH 3 OH, 85:15, v/v, and sprayed with anthrone.
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2 ml of methanol-water (9:1, v/v) (F7.1 to F7.3), methanol (F7.4 to 7.6), and chloroform-methanol (9:1, v/v) (F7.7 to F7.9). One milligram of Ac 2 SGL was obtained by combining F7.4 with F7.6.
Purifi cation was checked fi rst by TLC on aluminum-backed silica gel plates (Alugram Sil G; Macherey-Nagel, Duren, Germany), using a migration solvent system of chloroform-methanol 9:1 (v/v). Orcinol or anthrone was used to detect carbohydratecontaining lipids. Purifi cation was also checked by MALDI-TOF-MS analysis in both positive-and negative-ion modes.
Analysis of SGL from the clinical M. tuberculosis CAS isolate RGTB264
A chloroform-methanol extract was prepared as previously described, further dissolved in a minimum volume of chloroform and allowed to precipitate by the addition of acetone overnight at 4°C. The precipitate was centrifuged (3,000 g at 4°C for 15 min) to generate both an acetone-soluble phase and an acetoneinsoluble phase. The acetone-soluble phase was concentrated and purifi ed with a Sep-pak ® Light silica cartridge and eluted six times with 1 ml of chloroform (F1 to F6) and then in chloroform containing 10% (F7 to F72), 20% (F13 to F18), and 30% (F19 to F24) methanol. F 9-10, F13-14, F16-18, and F20-22 were pooled and contained Ac 4 SGL to Ac 1 SGL, respectively.
Evaluation of SGL presence in strains other than M. tuberculosis H37Rv
A chloroform-methanol extract was prepared from each of the following strains, Mycobacterium bovis bacillus Calmette-Guerin Pasteur, M. tuberculosis H37Ra, Mycobacterium chelonae , Mycobacterium fortuitum , Mycobacterium gastri , Mycobacterium kansasii , Mycobacterium marinum , Mycobacterium smegmatis mc 2 155, and Mycobacterium xenopi , and concentrated as described previously for M. tuberculosis H37Rv cells. For each extract, an acetone-soluble phase was prepared as previously explained and analyzed by MALDI-MS for SGL content.
Reverse-phase HPLC
HPLC was performed using an Atlantis reverse-phase (C 18 ) column (5 µm, 4.6 mm × 250 mm) (Waters Corp.), and lipids were eluted for a period of 1 h at a fl ow rate of 1 ml/min, using an elution solvent gradient in the range of 0%-100% solvent B in solvent A, with solvent A consisting of 2% water in methanol and solvent B consisting of 30% dichloromethane in methanol. A 250 µg solution of Ac 2 SGL was solubilized in dichloromethane-methanol (4:1, v/v) and injected. Sixty 1 ml fractions were collected, and their contents were analyzed by MALDI-TOF-MS in negativeion mode.
Reduction of Ac 2 SGL from the M. tuberculosis H37Rv and MmpL8 mutant strains
A 20 µg aliquot of Ac 2 SGL was reduced at room temperature for 1 h in NH 4 OH-EtOH (1:1, v/v) containing 10 mg/ml NaBD 4 . The reaction was quenched by the addition of 2 droplets of acetic acid. After evaporation of the solvent, the reduced Ac 2 SGL was solubilized with chloroform and washed three times with water. The dry residue was dissolved in 20 µl of chloroform-methanol (8:2, v/v) prior to MALDI-TOF-MS analysis.
MALDI-TOF-MS analysis
Analysis by MALDI-TOF-MS was carried out with a 4700 model proteomics analyzer (Voyager DE-STR unit with TOF-TOF optics; Applied Biosystems, Framingham, MA) using the refl ectron mode. Ionization was achieved by irradiation with an Nd:YAG laser (355 nm) operating at pulses of 500 picoseconds with a frequency of 200 Hz. Glycolipids were analyzed in the Ac 2 SGL ( 13, 15 ) , by using MALDI-time-of-fl ight (TOF)-MS and MS/MS and two-dimensional NMR methods. The pattern of SGLs present in a clinical strain was compared with that in M. tuberculosis H37Rv, and the question of the presence of SGLs in nontuberculous mycobacteria was also addressed. Results are discussed in the context of possible SGL biosynthetic pathways. ( 13 ) were grown at 37°C on Sauton's medium as surface pellicles. Cells were harvested after 4 weeks, separated from the culture medium, and killed by incubation in a chloroform-methanol (2:1, v/v) solution for 2 days at room temperature.
MATERIALS AND METHODS

Bacterial
Purifi cation of SGL from M. tuberculosis H37Rv
Bacterial cells (25 g ) were suspended in a chloroform-methanol (1:1, v/v) solution and fi ltered four times. The chloroformmethanol extract, which constituted the whole lipid extract (16.2 g), was concentrated and further partitioned between water and chloroform. Both phases were evaporated (water phase, 12g, and chloroform phase, 4.3 g). The chloroform phase was then dissolved in a minimum volume of chloroform and allowed to precipitate by the addition of acetone overnight at 4°C. The precipitate was centrifuged (3,000 g at 4°C for 15 min) to generate both an "acetone-soluble" phase (2 g) and an "acetone-insoluble" phase (1.7 g). Part of the acetone-soluble phase (1 g) was fractionated on a silica column (22 × 2 cm) irrigated successively with 70 ml of chloroform (fractions [F] 1 and 2) and chloroform containing 10% (F3 and F4), 20% (F5 and F6), and 30% (F7 and F8) methanol. F5 (20 mg) and F4 (90 mg) contained Ac 3 -and Ac 4 SGL, respectively; F7 (50 mg) contained Ac 2 SGL; and F6 (75 mg) contained a mixture of Ac 2 SGL and Ac 3 SGL.
F4 was further purifi ed by anion exchange quaternary methyl ammonium (QMA) chromatography, using a Sep-pak ® Light cartridge (Waters Corp., Milford, CT) by eluting 3 times with 2 ml of chloroform (F4.1 to F4.3), 3 times with 2 ml of chloroform-methanol (8:2, v/v) (F4.4 to F4.6), 2 times with 2 ml of methanol (F4.7 and F4.8), and fi nally, 10 times with 2 ml of chloroform-methanol (1:1, v/v) containing 0.2 M ammonium acetate (F4.9 to F4.18). Then, 24 mg of Ac 4 SGL was purifi ed by pooling F4.11 with F4.17, while 2,3,6-tri-acyl trehalose (TAT) was recovered from F4.4 and F4.5.
F5 was further purifi ed by anion exchange QMA chromatography with a Sep-pak ® cartridge by eluting with 1 ml of chloroform (F5.1), two times with 2 ml of chloroform-methanol (8:2, v/v) (F5.2 and F5.3), two times with 2 ml of methanol (F5.4 and F5.5), two times with 2 ml of chloroform-methanol (8:2, v/v) containing 0.1 M ammonium acetate (F5.6 and F5.7), two times with 2 ml of chloroform-methanol (1:1, v/v) containing 0.1 M ammonium acetate (F5.8 and F5.9), four times with 2 ml of chloroform-methanol (1:1, v/v) containing 0.2 M ammonium acetate (F5.10 to F5.13), and three times with 2 ml of chloroform-methanol (1:1, v/v) containing 0.5 M ammonium acetate (F5.14 to F5.16). Less than 1 mg of Ac 3 SGL was recovered from F5.12 to F5.15, whereas 2,3-di-acyl trehalose (DAT) was found in fractions F5.2 to F5. 4 ( 18 ) . F7 did not contain neutral lipids but did contain a dye that was separated from Ac 2 SGL by reverse-phase chromatography ( 14 ) .
From 8 g of M. tuberculosis H37Rv cells (3 liters of culture), approximately 25 mg of Ac 4 SGL, which is the most abundant of the SGL acyl forms, less than 1 mg of Ac 3 SGL, was obtained, and from 1 to 3 mg of Ac 2 SGL was usually recovered, using this purifi cation strategy ( Fig. 1E ) .
MALDI-TOF-MS reveals the heterogeneity of SGL acyl forms
Negative-ion mode MALDI-TOF-MS of purifi ed SGLs ( Fig. 1E ) proved to be the method of choice for characterizing the heterogeneity in acylation of the different SGL species. Indeed, for Ac 2 SGL, the mass spectrum ( ( Table 1 ). However, despite this major series of ions, peaks of much weaker intensities were also observed. For instance, the major molecular ion at m/z 1,277.9 dominated another one at m/z 1,275.9 (ratio, 15:1) ( Fig. 2B ) , which was tentatively assigned as Ac 2 SGL containing one phthioceranoic acid with 43 carbon atoms (PAC 43 ) and one palmitic acid ( Table 1 ). The relative intensity of this series of peaks increases in the m/z range of 1,120-1,240 ( Fig. 2C and Table 1 ), in agreement with those found in the study by Goren ( 6 ) , in which PAC 34 and PAC 37 are the major PA released from SGLs. To confi rm this assignment, an exact mass measurement was performed by using ESI-FT-MS analysis, where the resolution obtained was above 130,000, and the mass accuracy was in the range of 1. ( Table 1 ) . Nevertheless, molecular species bearing PA represent less than 15% of Ac 2 SGL, with the majority of them containing HPA. The negative-ion mode MALDI mass spectrum of Ac 3 SGL ( Fig. 2D ) showed a set of peaks with a major ion at m/z 1,868.5. The mass range varied according to the culture batch, illustrated by two examples shown in supplementary negative-or positive-ion mode, as specifi ed in the text. Spectra from 2,500 to 5,000 laser pulses were summed to obtain the final spectrum. The 2-(4-hydroxyphenylazo)benzoic acid (HABA) or 2,5-dihydroxybenzoic acid (DHB) matrix (Sigma) was used at a concentration of ‫ف‬ 10 mg/ml in ethanol-water (1:1, v/v). In a typical experiment, 4 µl of glycolipid (5-10 µg) in chloroformmethanol (8:2, v/v) and 4 µl of the matrix solution were mixed with a micropipette, and 0.3 µl of the mixture was then deposited on the target. The measurements were internally calibrated at two points with mycobacterial phospholipids (phosphatidylmyo -inositol mannosides [PIM]).
ESI-FT-MS analysis
SGLs were analyzed by high-resolution Fourier-transform ion cyclotron resonance MS using a hybrid apex-Qe FT-MS system (Bruker Daltonics, Bremen, Germany) equipped with a 7 Tesla actively shielded superconducting magnet and an Apollo dual-ESI/MALDI ion source. Samples ( ‫ف‬ 10 ng • µl 2 1 ) were dissolved in a 50:50:0.001 (v/v/v) mixture of 2-propanol, water, and triethylamine (pH ‫ف‬ 8.5) and sprayed at a fl ow rate of 2 µl • min 2 1 . The capillary entrance voltage was set to 3.8 kV, and the drying temperature was set to 150°C. Data acquisition and analysis were performed using Apex Control version 3.0 and data analysis version 3.4 software (Bruker Daltonics, Bremen), respectively. The mass spectra were acquired in the negative-ion mode with 1 M data points in the mass range between 1,020 and 1,360 atomic mass units. Mass scale calibration was performed externally with a mixture of lipids with known structures. The mass resolution obtained was above 130,000, and the mass accuracy was in the range of 1.5 ppm.
NMR analysis
NMR spectra were recorded with an Avance DMX500 spectrometer (Bruker GmbH, Karlsruhe, Germany) equipped with an Origin 200 SGI, using Xwinnmr version 2.6 software. Native SGLs were dissolved in CDCl 3 
RESULTS
A purifi cation method for the different SGL acyl forms of M. tuberculosis H37Rv
The fi rst objective of this study was to design a protocol to prepare fractions containing pure and unique SGL acyl forms, namely the tetra-, tri-, and di-acylated SGL forms (Ac 4 -, Ac 3 -, and Ac 2 SGL, respectively) from M. tuberculosis H37Rv lipid extract. The purifi cation was monitored by negative-ion MALDI-TOF-MS. Following acetone precipitation, the three acyl forms were detected in the acetonesoluble fraction ( Fig. 1C ) ( 14 ) . This fraction was further fractionated on a silicic acid column irrigated by chloroform containing increasing amounts of methanol. Ac 4 SGL were recovered from F4, Ac 3 SGL from F5 and F6, and Ac 2 SGL from F6 and F7. However, F4 to F6 contained additional compounds, as revealed by TLC analysis ( Fig. 1D ) and positive-ion mode MALDI-TOF-MS (not shown), which highlighted the presence of neutral compounds. 2,248.9, 2,459.1, and 2,543.2 corresponded to Ac 4 SGL bearing three HPA and one C 16 /C 18 . In this case, two minor series of ions at 2 and 4 u less were recovered ( Fig. 2I , as indicated by solid and dashed arrows, respectively). They were tentatively assigned to the molecular species containing two HPA, one PA, and one C 16 /C 18 and to one HPA, two PA, and one C 16 /C 18 , respectively.
MS/MS uncovers an additional level of molecular complexity
A MS/MS-based approach was developed to characterize fatty acids of each acyl form of SGL. Ac 2 SGL species at m/z From the m/z values, we deduced that the major series of ions corresponded to Ac 3 SGL bearing two HPA and one C 16 /C 18 . Again, however, a minor series of ions at 2 u less ( Fig. 2F , arrow) was observed and tentatively assigned to molecular species containing one PA instead of an HPA, although ESI-FT-MS analysis was not performed in this case.
As for Ac 3 SGL, the mass range of ions recorded for Ac 4 ( Fig. 3C ) . However, loss of C 16 or C 18 was not observed for these precursor ions or for those at m/z 1,249.9, confi rming that the short fatty acids are located on the 2-position, whereas HPA are located on the 3-position of the Glc p unit. When applied to Ac 3 SGL and Ac 4 SGL, this method revealed the level of molecular complexity of each m/z species. Concerning Ac 3 SGL, we specifi cally focused on the species detected in negative-ion mode at m/z 1,868.5 (Ac 3 SGL 1868.5 ) and m/z 1,952.6 (Ac 3 SGL 1952.6 ) ( Fig. 2D ) ( Fig. 3A ) . Precursor ions of Ac 2 SGL 1277.9 at m/z 1,323.9 gave HPAC 40 and C 16 fragment ions and additional ions at m/z 681.6 and m/z 329.2 arising from HPAC 42 and C 18 , respectively, with HPAC 40 and C 18 fragment ions being the most abundant ( Fig. 3B ) . Fragment ions at m/z 687.3 and 715.3 corresponding to the loss of HPAC 42 or HPAC 40 , respectively, were also observed ( Fig. 3B ) . MS/MS spectra showed additional informative fragment ions corresponding to glucose or trehalose units bearing HPA. Among them were ions attributed to (anhydro)-di-acylated-sodiated-glucose structures at m/z 1,031.9 (anhydro form at m/z 1,013.9) for Ac 2 SGL 1249.9 ( Fig. 3A ) or at m/z 1,059.9 (anhydro form at m/z 1,041.9) for Ac 2 SGL 1277.9 ( Fig. 3B ) . These ions, arising from the loss of (anhydro)-sulfo-glucose, indicated that both fatty acyl appendages were located on the same glucopyranosyl (Glc p ) unit, i.e., the unit that does not bear the sulfate group. Interestingly, the relative distribution of the different fatty acids on positions 2 and 3 of the Glc p could be deduced from negative-ion MALDI-MS/MS. Indeed, using synthetic Ac 2 SGL molecules with defi ned fatty acids on each position, we observed that MS/MS in the negative-ion mode, in contrast to the positive-ion mode New SGL molecular species revealed by HPLC-based fractionation of Ac 2 SGL acyl forms The data described above clearly show that even the simplest SGLs, i.e., Ac 2 SGL, is actually a complex mixture of molecular species. We therefore explored the possibility of resolving this complexity by (C 18 ) reverse-phase HPLC (RP-HPLC) monitored by off-line negative MALDI-TOF-MS analysis ( Fig. 4 ). An increasing gradient of dichloromethane in methanol was used as mobile phase to successively elute the different acyl forms, from the most polar to the most apolar molecular species. The fi rst SGL eluted were observed in F7 and F8 and corresponded to unexpected species at m/z 897.5 and 925.6 and were assigned by MS/MS experiments to SGL esterifi ed by short fatty acids (two C 16 and one C 16 /one C 18 , respectively), as well as a compound at m/z 1,011.6 assigned by positive-ion mode MS/MS experiments (not shown) to a previously unknown Ac 1 SGL esterifi ed by a single HPAC 40 . Indeed, in the MS/MS spectrum, only fragment ions corresponding to HPAC 40 at m/z 653.6 and no fragment ions corresponding to C 16 
SGL of strains other than the M. tuberculosis H37Rv laboratory strain
SGLs were investigated in strains other than M. tuberculosis H37Rv, either from the tuberculosis complex, such as Mycobacterium bovis bacillus Calmette-Guérin or M. tuberculosis H37Ra, or not, such as Mycobacterium chelonae , Mycobacterium fortuitum , Mycobacterium gastri , Mycobacterium kansasii , Mycobacterium marinum , Mycobacterium smegmatis , and Mycobacterium xenopi . For each extract, the acetone-soluble phase was prepared and analyzed by negative-ion mode MALDI-TOF-MS for SGL content. None of these strains was found to produce SGLs. The absence of SGLs in M. tuberculosis H37Ra has already been correlated with a point mutation in the PhoP regulator ( 19, 20 ) . These data are in agreement with those of previous studies showing that SGLs are specifi c glycolipids from M. tuberculosis species ( 21, 22 ) .
Because M. tuberculosis H37Rv is a laboratory strain, one could argue that the acyl profi les could be merely a result of the passage of this strain for over 70 years. Then, the SGL acyl profi le of a clinical isolate belonging to the Central containing either one C 16 ( Fig. 2G ) . As we expected, we observed the same fragment ion signature in the MS/MS spectra (see supplementary Fig. IIC 18 , and two C 18 , respectively) were also observed ( Fig. 5E ).
Unexpected SGLs in M. tuberculosis mmpL8 knockout strains M. tuberculosis mmpL8 knockout mutants (from H37Rv and Erdman strains) have been reported to show both a dramatic defect in Ac 4 SGL synthesis and an intracellular accumulation of Ac 2 SGL ( 13, 15 ) . We purifi ed Ac 2 SGL Asian India clade ( 16 ) was also studied. The complete SGL profi le was fi rst analyzed by negative-ion mode MALDI-TOF-MS of the acetone-soluble phase ( Fig. 5A ) . Surprisingly, the previously characterized M. tuberculosis H37Rv Ac 1 SGL species at m/z 1,011.7 was very abundant, and the ions corresponding to Ac 4 SGL were very weak compared with those of the MALDI-TOF-MS assay results of the M. tuberculosis H37Rv acetone-soluble phase ( 14 ) . Then, the different acyl forms were purifi ed and analyzed by MALDI-TOF-MS (Fig. 5B-E ) . In all cases, the major SGL species remained essentially the same as the ones described in M. tuberculosis H37Rv. The MS profi le of Ac 4 SGL ( Fig. 5B ) was very similar to that of M. tuberculosis H37Rv (see supplementary Fig. IE) . As for Ac 3 SGL, ions ranging from m/z 1,249.9 to 2,190.9 were observed ( Fig. 5C ), clearly indicating two families of Ac 3 SGL: one family with two C 16 /C 18 and one HPA and one family with one C 16 /C 18 and two HPA, as confi rmed by MS/MS analysis. The Ac 2 SGL mass spectrum ( Fig. 5D ) exhibited a set of peaks ranging from group (i.e., oxophthioceranoic acyl [OPA], with a calculated molecular mass of 1,275.910 Da) rather than the presence of a PA on the molecule (calculated molecular mass of 1,275.947 Da). To confi rm this assumption, m1Ac 2 SGL and m2Ac 2 SGL were submitted to reduction in the presence of sodium borodeuteride (NaBD 4 ). Based on the premise that only a ketonic group and not an alcoholic group would be sensitive to the reduction, we expected this treatment to displace the molecular species containing one OPA of 3 u but not those containing a PA or an HPA. As expected, no shift was observed with WT M. tuberculosis Ac 2 SGL (see supplementary Fig. IIIA,B) , whereas the species at m/z 1,275.9 in m1Ac 2 SGL was displaced to m/z 1,278.9 (see supplementary Fig. IIIC,D) . The intensity of the remaining signal at m/z 1,275.9 after reduction (see supplementary Fig. IIID ) reveals the proportion of Ac 2 SGL containing one PA, as observed for the WT strain ( Fig. 2B ) . The fatty acid composition of the Ac 2 SGL molecular species at m/z 1,275.9 was confi rmed by positive MS/MS analysis (not shown). OPAC 40 and OPAC 42 were detected at m/z 651.6 and 679.6, respectively, in addition to the presence of C 16 and C 18 , indicating that the Ac 2 SGL species is esterifi ed mainly by one OPAC 40 /one C 18 and less frequently by one OPAC 42 /one C 16 ( Table 1 ) . from both mutant strains (called m1Ac 2 SGL for the mutant generated by Domenech et al. [ 13 ] and m2Ac 2 SGL for the mutant generated by Converse et al. [ 15] ). Both of these strains gave a similar negative-ion mode MALDI-TOF-MS profi le ( Fig. 6A,B ) . However, their profi les differed from that of the M. tuberculosis H37Rv wild-type (WT) strain Ac 2 SGL ( Fig. 6C ) by the presence of a second series of peaks with the same intensities but with a difference of 2 u less ( Fig. 6D, E, and F ) . This difference could be due to the presence of either i ) a double bond on HPA; ii ) a PA instead of an HPA, as a fatty acid devoid of hydroxyl group (meaning PA instead of HPA, 2 16) and of one CH 2 unit longer (+14) results in a fi nal difference of 2 2; or iii ) a ketonic instead of an alcoholic function on the fatty acid. The fi rst hypothesis was ruled out by 1 H NMR analysis (not shown), which did not reveal any signal at approximately 6 ppm, indicative of a double bond. To investigate the two last hypotheses, we fi rst performed an exact mass measurement by ESI-FT-MS of m1Ac 2 SGL, which gave single molecular species at m/z 1,275.909 and 1,277.921. As expected, the latter measurement was in good agreement with the calculated molecular mass of 1,277.926 Da for an Ac 2 SGL containing an HPA, whereas the former ion corresponded better to the presence of a ketonic function on the acyl Table I ). This acylation pattern was further confi rmed by positive-ion mode MS/MS analysis of m1Ac 3 SGL 1528.2 , which showed fragment ions at m/z 543.2, assigned as a palmitoyl-sulfo-Glc p unit, instead of the ions at m/z 305.0, corresponding to the sulfo-Glc p usually detected for the WT Ac 3 SGL (not shown).
DISCUSSION
In order to gain better insight into the structure/function relationships underlying the CD1 presentation of SGL to T cells ( 14 ) , we made great attempts to improve both their purifi cation and structural characterization.
The fi rst objective of this study was to prepare fractions containing pure and unique SGL acyl forms, namely Ac 2 SGL, Ac 3 SGL, and Ac 4 SGL. To achieve this goal, two steps were crucial: i ) to get rid of the phospholipids, particularly mycobacterial PIM, from the lipidic extract, thus making the acetone-precipitation an inevitable step; and ii ) to eliminate neutral lipid contaminants such as TAT and DAT from SGL fractions, using anion exchange chromatography.
Goren et al. previously characterized fi ve SGL families, four of which were tetra-acylated (SL-I, SL-I ′ , SL-II, and SL-II ′ ), and one was tri-acylated (SL-III) (3 -6) . Those authors used an elegant strategy based on chemical degradation/modifi cation and subsequent MS and infrared spectroscopy analyses that allowed i ) identifi cation of trehalose-2-sulfate, ii ) determination of the acylated positions on the trehalose core, iii ) identifi cation of the acyl substituents (C 16 /C 18 , HPA, and PA), and iv ) the determination that the 2-position of SL-I is acylated by one C 16 or C 18 and that the 3-position is occupied almost exclusively by Only trace levels of Ac 3 SGL and Ac 4 SGL could be purifi ed from the M. tuberculosis H37Rv mmpL8 mutant (m1Ac 3 SGL and m1Ac 4 SGL). Whereas 1 to 1.5 mg of Ac 2 SGL was purifi ed from 1 liter of M. tuberculosis H37Rv mutant culture, only 200 to 300 µg of Ac 3 SGL and 20 to 50 µg of Ac 4 SGL were obtained, respectively. Surprisingly, m1Ac 3 SGL and m1Ac 4 SGL analyses also gave unexpected negative-ion mode MALDI mass spectra. Indeed, their molecular masses were lower than that of the SGL present in the WT strain (see supplementary Fig. IV) . However, because m1Ac 4 SGL were present at trace levels, their analysis by MS/MS and their purifi cation for NMR studies could not be completed. Concerning m1Ac 3 SGL, the major species were observed at m/z 1,514.2 and 1,528.2 and were shown esterifi ed by one OPA and two short fatty acids (C 16 M. tuberculosis H37Rv SGL species, i.e., Ac 2 SGL esterifi ed by simple fatty acids only, namely di-palmitoyl-SGL, distearoyl-SGL, mono-palmitoyl-mono-stearoyl-SGL, and Ac 1 SGL bearing a single HPA. This last species was even more abundant in the clinical strain, and a complete family of Ac 1 SGL acylated by one HPA of variable length was unambiguously characterized. The identifi cation of this mono-acylated species was unexpected, as the fi rst acylation step is considered to be a palmitoylation/stearoylation on the 2-position of the sulfated trehalose ( Fig. 1A ) and because PapA1, the acyl-transferase that adds the HPA on C2-palmitoyl/stearoyl-sulfated trehalose, has been shown to harbor no activity toward sulfated trehalose ( 25 ) . More clues about the biosynthetic pathway of SGLs arose from an in-depth analysis of SGLs produced by D mmpL8 mutants. Our present knowledge indicates that sulfation of trehalose, catalyzed by the sulfotransferase Stf0, is the fi rst step in SGL synthesis ( 26 ) . Palmitate or stearate acyl chains derive from fatty-acid synthase-I (FAS-I), whereas HA and HPA are synthesized by polyketide synthase 2 (Pks2) ( 27 ) working in conjunction with the FadD23 fattyacyl-CoA ligase ( 28, 29 ) . Then, two acyl-transferases, PapA1 on one hand and PapA2 associated with Pks2 on the other hand, would act sequentially ( 25, 30 ) , where PapA2 converts sulfated trehalose into 2-palmitoyl/stearoyl-sulfated trehalose, and PapA1 further elaborates Ac 2 SGL by adding a methyl-branched fatty acid on the 3-position of trehalose. The MmpL8 protein, predicted to be a lipid transporter, is described as playing a role in mediating the transport of the Ac 2 SGL precursor forms from the cytosol into the cell envelope ( 13, 15 ) . Indeed, characterization of the D mmpL8 mutants showed that synthesis of mature Ac 4 SGL was halted and that Ac 2 SGL concomitantly accumulated within the cell. This strongly suggests that transport and biogenesis of SGLs are coupled and that the fi nal step in SGL biosynthesis might be the extracellular acylation of the C6 position of both a -D-Glc p units ( 13 ) . Here, we show that the D mmpL8 mutant was still able to generate Ac 3 SGL but with a structure different from that of the WT strain. Indeed, the third added fatty acid was not only C 16 / C 18 , rather than HPA/HA, but was in a different position: C6 ′ of the sulfated a -D-Glc p instead of the C6 of the 2,3-diacylated a -D-Glc p unit. This result proves that Ac 2 SGL must be transported (or translocated) across the cell membrane by MmpL8 in order to be correctly transformed into the fi nal Ac 4 SGL ( Fig. 7 ) . Another intriguing fi nding was that approximately half of the D mmpL8 mutant SGLs carried a methyl-branched fatty acid containing a ketonic function (OPA) instead of the hydroxyl group, a form that does not exist in the WT. This result strongly suggests that MmpL8 functions in conjunction with enzymes involved in the elaboration of the fi nal methyl-branched fatty acids.
Two hypotheses are currently proposed for acylation steps that generate Ac 4 SGL from Ac 2 SGL: fatty acid addition to both the C6 and C6 ′ positions of the trehalose unit could occur either intracellularly or extracellularly ( 31, 32 ) . In the fi rst case, Ac 4 SGL would be elaborated from Ac 2 SGL in the cytosol, and Ac 4 SGL would be transported one PA ( 6 ) . In this way, they demonstrated that the major species (SL-I) was acylated on the 3-, 6-, and 6 ′ -positions by one PA and two HPA; SL-I ′ was acylated by two PA and one HPA; and SL-II was acylated by three HPA. SL-II ′ was also described as being acylated by three HPA on the 4-, 6-, and 6 ′ -positions. The tri-acylated SL-III was shown to be acylated on the 3-and 6-positions by two HPA.
In this study, we developed a strategy in which we fi rst purifi ed the different acyl forms before completely characterizing them by MALDI-TOF-MS and NMR. We confi rmed most of the structural points described by Goren et al., such as the presence of C 16 /C 18 exclusively on the 2-position; the presence in Ac 3 SGL of the fatty acids on the 2-, 3-, and 6-positions of the nonsulfated glucose; and the fact that HPAC 40 is the principal HPA component. Here, for the fi rst time, we realized a complete NMR analysis of each acyl form, and in contrast to the fi ndings of Goren, we never observed acylation on the 4-position of the glucose unit. We cannot exclude the presence of this acyl form, if present at trace level. We showed that Ac 2 SGL contains mainly one C 16 /C 18 and one HPA on the 2-and 3-positions, respectively, and, in accordance with the study by Goren et al., that Ac 3 SGL contains one C 16 /C 18 and two HPA on the 2-, 3-, and 6-positions. On the basis of a biosynthetic linkage between all these acyl forms and considering our result showing that Ac 4 SGL contains mainly three HPA, it is obvious that the 3-position of Ac 4 SGL is occupied almost exclusively by one HPA. However, Goren et al. found that the 3-position of SL-I (the major tetra-acylated species, acylated by one C 16 or C 18 , one PA, and two HPA) was occupied almost exclusively by one PA. This species, in minor abundance in our case, most probably derives from the 15% of Ac 2 SGL species containing one PA (see below). Moreover, Goren et al. described SL-I to be acylated by HPA from C 31 to C 46 . Using MALDI, we derived a precise profi le of the different molecular species composing each SGL acyl form. We concluded that Ac 2 SGL contained HPA in lengths from C 25 to C 54 . Furthermore, analysis of the isotopic masses gave the proportions of PA versus HPA. We deduced that Ac 2 SGL was composed of 15% of species containing one PA and 85% containing one HPA. Ac 4 SGL was distributed in 73% of species with three HPA, 24% with one PA, and 3% with two PA.
Negative-ion mode MALDI-TOF-MS proved to be the method of choice for characterizing the acylation pattern of the different SGL species. Surprisingly, we observed that this pattern, particularly the molecular weight range, varied from one culture batch to another, although the culture conditions were essentially the same, except for the duration of the culture. The lipid chain length of SGL has been recently shown to depend on the availability of precursors such as methyl malonyl CoA ( 24 ) , which might be confounded by the growth phase, a parameter that is diffi cult to control because bacteria were grown as cell surface pellicles. Nevertheless, the major SGL species remained essentially the same for the different SGL acyl forms.
Fractionation of the Ac 2 SGL mixture by RP-HPLC allowed us to not only separate SGL species containing HPA or PA but also to reveal previously uncharacterized the n -fatty acyl moiety during the fi rst cycle could be reduced to the hydroxyl acid but not dehydrated, leaving the hydroxyl group in the fi nal multi-methyl-branched product ( 27 ) . Our data favor this last hypothesis. The occurrence of 50% OPA in Ac 2 SGL of the mmpL8 mutant suggests that only half of the keto-acid generated by condensation of methylmalonyl-CoA with the n -fatty acyl moiety would be reduced to the hydroxyl acid.
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to the exterior of the cell by MmpL8. In the second hypothesis, an extracellular acyl-transferase would convert Ac 2 SGL to Ac 4 SGL after transport of Ac 2 SGL to the exterior of the cell by MmpL8. In conclusion, our results favor the extracellular acylation of both C6 and C6 ′ positions. This process seems to parallel what is observed for the generation of cord factor, where acylation of both C6 and C6 ′ positions of trehalose is catalyzed by a mycoloyl-transferase found to be associated with the bacterial cell wall surface ( 33 ) .
The generation of HPA is not yet completely understood. HPA could result from i ) the introduction of the hydroxyl group into preformed PA or ii ) an incomplete synthesis by Pks2. In the second hypothesis, the keto-acid generated by condensation of methylmalonyl CoA with ( 31 ) with permission]. The SGLs are not inserted in membrane, as they should be, for simplifi cation and clarity purposes. Our results favor an extracellular acylation of Ac 2 SGL, following the transport of Ac 2 SGL by MmpL8. Indeed, the MmpL8 knockout strains also synthesize very weak amounts of Ac 3 -and Ac 4 SGL (mAc 3 -and mAc 4 SGL) but from a different structure. This model implies that HPA is transported by an unknown protein (annotated as "?") to generate Ac 3 -and Ac 4 SGL species. Dashed insets show the novel SGL species described for the fi rst time in this study. T 2 S, trehalose-2 ′ -sulfate. Supplemental Material can be found at:
